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Van der Waals (vdW) layered transition metal dichalcogenides (TMDCs) materials are emerging as one class of quantum materials holding novel optical and electronic properties. In particular, the bandgap tunability attractive for nanoelectronics technology have been observed up to 1.1 eV when applying dielectric screening or grain boundary engineering. Here we present the experimental observation of bandgap closing at the center of the screw dislocation-driven WS2 spiral pyramid by means of scanning tunneling spectroscopy, which is validated by first-principle calculations. The observed giant bandgap modulation is attributed to the presence of dangling bonds induced by the W-S broken and the enhanced localized stress in the core of the dislocation. Achieving this metallic state and the consequent vertical conducting channel presents a pathway to 3D-interconnected vdW heterostructure devices based on emergent semiconducting TMDCs. 3 Transition metal dichalcogenides (TMDCs), an emergent layered material in which the atomic slabs are bonded together by week van der Waals (vdW) interactions, have attracted extensive research interest due to the remarkable electronic and optical properties 1, 2 . An indirect-to-direct bandgap crossover due to the quantum confinement and the versatile bandgap choices in the visible range by selecting appropriate compounds in the vast TMDCs library offer the possibility of a potential application in flexible and wearable optoelectronics, especially when considering its wafer-scale growth capabilities [1] [2] [3] [4] . Moreover, the tunability of the electronic structures with the various external strategies on pristine TMDCs have been successfully demonstrated to explore the rich physics in the two-dimension space and further broaden their applicability in optoelectronic devices [5] [6] [7] [8] [9] . For example, the phase transitions such as 2H to 1T/1T' have been shown by the ionic intercalation or electrostatic doping, giving rise to the semiconducting-to-metal transition 5, 6 . With the global stress by putting monolayer on top of the bendable substrate or nanometer-sized local strain in its strain crystals 7 , TMDCs exhibit large bandgap tuning revealed by the photoluminescence and scanning tunneling spectroscopy (STS) measurement 7, 8 . The giant bandgap renormalization has been manifested by the reducing screening with the graphene substrate 9 .
Apart from the extrinsic post-treatments, the intrinsic crystal defects provide another efficient approach to control the electronic structure and optical properties in TMDCs.
The point defects including the chalcogen deficiencies and metal vacancies produce the deep gap states which are responsible for the recently observed quantum emission 4 in TMDCs [10] [11] [12] [13] [14] . While the dangling bonds at the edges bring the edge states in the bandgap 15 , the grain boundary engineering on the bandgap shows a unique distance-dependent feature 16, 17 . While the post manipulation and defects engineering have been utilized to modulate the band structure effectively in TMDCs, there has been a lack of the complete bandgap closing by the structural manipulation which can bring the novel physics and new electronic state capable of serving as the conducting channel in the vdW heterostructure devices 2 .
Here, we report the observation of bandgap closing at the dislocation center in the screw dislocation driven (SSD) WS2 spiral pyramid by the scanning tunneling spectroscopy (STS) measurement. The variation of local bandgap values on the top surface is mainly ascribed to the dangle bonding induced by the edge and dislocation, supported by the first-principle calculation. The ability to introduce the metallic state and nano-sized vertical channel on demand opens new opportunities for high-efficient vdW heterostructure-based 3D-interconnected optoelectronics devices with novel functionalities. has been explored widely in the synthesis of various nanomaterials, leaving the screw dislocation in the center of the ultimate structure 18 . In two-dimensional (2D) layered materials grown under the SSD mode 18, 19 , instead of the week vdW interactions, all layers are connected to form a continuous belt spiral around the c-axis, resembling a log z type Riemann surface as shown in Figure 1a and 1b 20 . Adopting such a morphology defect introduces novel physics and properties to be explored 21, 22 .
Results
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The high quality of as-grown WS2 pyramids was revealed by the room-temperature Photoluminescence and Raman Spectroscopy. As shown in Figure 1c , the dominated luminescence peak located at 1.99 eV corresponds to the exciton emission, while the in-plane 2 1 and out-of-plane 1 modes were detected at 350 and 420 cm -1 , respectively, with the interval of 70 cm -1 , consistent with the Raman results of bulk WS2 23 . The spiral micro-structure was imaged by AFM and STM imaging. Figure 1d shows a representative topographical STM image of as-grown pyramids, clearly revealing its continuously clockwise helical edge at the sub-micron scale and the ending point of edge line, which is the center of the screw dislocation 19 . A closer look at the height profiles around the center region presents a constant apparent height of ∼ 0.6 nm between the adjacent plateaus, indicating the one-layer-high step in this area.
Further, atomically resolved STM images can be acquired at the plateaus as shown in Figure 1e , and no apparently distorted lattice arrangements confirmed the high crystalline quality of CVD-grown samples.
It's been well known that the atomic step on the substrate can serve as the initial nucleation locations for the spiral islands and the height difference between the two 6 sides of the step induced the formation of the screw dislocation 18 . A schematic of the SSD growth of one spiral island is shown in the Supplementary Fig. 2 . Indeed in our experiment, frequently with zoomed-out scanning region, an apparent line associated with one step of the HOPG substrate crossed the center of the islands, dividing the whole spiral almost evenly ( Supplementary Fig. 3a ). When the spiral was sitting on the pre-grown WS2 thin layer, the edge of the pre-existed WS2 layer can facilitate the SSD growth as well ( Supplementary Fig. 3b ). The abundant geometries in terms of dislocation centers' number and location have been observed in the experiment, determined by the complex distribution of atomic steps on the surface and the interplay of intrinsic ledges from HOPG and the edges of pre-deposited thin homo-layers. Supplementary Fig. 4 ) 27 . Since a charge transfer of 2/3 electron is expected in the W-S bond, 4/3 H (2/3 H) with fractional charge α = 4/3 (2/3) is used to passivate the six (three) -fold coordinated W (S), which is expected to satisfy the octet rule for S and the duet rule for H. The AA stacking WS2 zigzag nanoribbon was selected to check the effect of PH passivation.
While the pristine nanoribbon unambiguously shows conducting edge channel, the number of bands cross the Fermi level of PH-passivated nanoribbon is indeed dramatically reduced (to 2) (as shown in Supplementary Fig. 5 ), demonstrating the efficient depressing of the conducting edge states.
Figures 3a-3c shows the band structures evolution of PH-passivated spiral N7h, N10h, and N13h, respectively. All these systems have energy gaps, decreasing gradually from 0.25 eV for N7h to 0.08 eV for N10h, and then to 0.04 eV for N13h. It has been shown 10 that quantum confinement in d-electron dichalcogenides gives rise to the transition from the indirect band structure of bulk crystals to a direct semiconductor in monolayer 25 . Here the larger energy gap with the smaller lateral size of spirals hints that the quantum confinement effect on the lateral size plays a crucial role in these models as well. Although the larger spiral structure beyond N13h exceeds the capability of the simulation system, the trend of bandgap reducing with larger sizes in spiral structures indicates the conducting performance in the limit of large structures.
It's worth mentioning that the dislocation, edge, and plateau regions manifest the distinct bandgap features based on the STM dI/dV spectrum. The calculation of the electronic structures allows us to understand the averaged contribution from the entire spiral. To better interpret the experiment discovery, the charge density distributions of the corresponding bottom conduction bands (CB) and top valence bands (VB) of spiral N7h, N10h, and N13h, respectively, have been exhibited in Figure 3d -3f and Figure   3g -3i, clearly revealing the corresponding charges distributed from the dislocation center to the edges. When the structure size increases, the weight of charge density locating at the threading dislocation dominates in both the bottom CB and the top VB, accompanying with the gradually vanishing charge density at terraces. The inconsiderable contribution from the edges agrees well with the fact that the PH model cannot eliminate the conducting states completely. Therefore, we conclude that in the limit of large spiral model structures the electronic states from the thread dislocation survive and dominate the states near the Fermi level. As a comparison, the charge density distributions of the bottom CB and top VB of PH-passivated triangular models 11 without screw dislocations have been investigated. As shown in Supplementary Fig. 6 , the edge states dominate with no contribution from the centers.
The results of band structure calculations are in good agreemeet with experimental observations of bandgap closing at the screw dislocations regions of WS2 spirals.
However, the physical origin is still concealed. The possible reasons are discussed below. Firstly, in a three-dimensional topological insulator, the dislocation lines are linked with one-dimensional fermionic excitation, leading to topologically protected ideal quantum wire according to the previous theoretical studies 21 . This probability is ruled out since the AA stacking spirals holding the dislocation is a non-topological phase. Further the phase transitions in TMDs, for example, 2H to 1T phase, occur prevalently activated by the ion intercalation and external stimulus, resulting in the distinct electronic properties 5, 6 . To investigate the lattice deformity in a small neighborhood of the screw center, a thorough examination of the local configuration has been carried out. The innermost three W atoms are denoted as W1, W2 and W3, each of whom has six nearest neighboring S atoms, causing totally 12 such S atoms, denoted as S1 to S12. In this model two W-S bonds (W2-S4 and W2-S7) can be noticed readily. As shown in Figure 4c , the distances between W2 and S4(S7) have been dramatically enlarged from 2.42 Å to 4.15 Å, even larger than the distance between W and its second nearest S neighbors (4.00 Å). We conclude that these two bonds are broken, introducing the 12 dangling bonds in the center of dislocations. With a Burgers vector = (0,0,1), the growth of each layer results in an increase of c=7.62 Å in height, much larger than the pristine W-S bond length and naturally tending to break the boding. One straightforward consequence of dangling bonds is the emergence of metallic conducting states, further leading to the bandgap closing as observed. Also, the large local strain induced by the incorporation of nano-sized screw dislocations should play a significant role in the bandgap closing, based on the previously reported bandgap tuning by the external strain fields 7, 8 . In addition, N7h and N10h spirals have been investigated as well ( Supplementary Fig. 7 ), suggesting that the bond breaking is universal in spiral structures.
Discussion
Although the dislocation-induced conducting electronic states observed here are not the topologically protected modes 21 , they are also robust because the dislocation lines are in the center of bulk and isolated from external environments. In this sense, these metallic states are "geometrically" protected by the special configuration that appears in real space. Another illustration of the bandgap closing at the dislocation centers can be the observation of the enhanced vertical conductance of TMDCs spiral 22 . We note that in the vdW heterostructures fabricated by the mechanical stacking of monolayer slabs or the epitaxial growth, the efficient vertical conducting path is mainly based on the tunneling effect heretofore 28 . The dislocation-associated conducting states in the TMDCs spirals can offer the highly-confined (several nanometers in the x-y plane) perpendicular conducting channel when assembling TMDCs spirals into the vdW 
